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LOWPOWER ARCHITECTURES 

RELATED APPLICATION 

This application claims priority under 35 U.S.C. S 119(e) to 
U.S. Provisional Application No. 61/800,116, filed on Mar. 
15, 2013, the entire specification of which is incorporated 
herein by reference. 

BACKGROUND 

1. Field 
Aspects of the present disclosure relate generally to low 

power devices, and more particularly to low power devices in 
which transistors are operated near or in the sub-threshold 
region to reduce power consumption. 

2. Background 
Transistors in a device can be operated near or in the 

Sub-threshold region to Substantially reduce power consump 
tion of the device. For instance, sub-threshold operation 
enables the energy consumption per cycle to be minimized 

SUMMARY 

The following presents a simplified Summary of one or 
more embodiments in order to provide a basic understanding 
of such embodiments. This Summary is not an extensive over 
view of all contemplated embodiments, and is intended to 
neither identify key or critical elements of all embodiments 
nor delineate the scope of any or all embodiments. Its sole 
purpose is to present some concepts of one or more embodi 
ments in a simplified form as a prelude to the more detailed 
description that is presented later. 

According to an aspect, a low-power device is described 
herein. The low-power device comprises a clock path for 
propagating a clock signal, wherein the clock path includes a 
plurality of transistors, and a clock source configured togen 
erate the clock signal, the clock signal having a high state 
corresponding to a high Voltage that is above threshold Volt 
ages of the transistors in the clock path. The low-power device 
also comprises a data path for propagating a data signal, 
wherein the data path includes a plurality of transistors, and a 
data source configured to generate the data signal, the data 
signal having a high state corresponding to a low Voltage that 
is below threshold voltages of the transistors in the data path. 
The device further comprises a flop configured to receive the 
clock signal from the clock path, to receive the data signal 
from the data path, and to latch the data signal using the clock 
signal. 
A second aspect relates to a method for low power opera 

tion. The method comprises sending a clock signal to a flop 
via a clock path comprising a plurality of transistors, wherein 
the clock signal has a high state corresponding to a high 
voltage that is above threshold voltages of the transistors in 
the clock path. The method also comprises sending a data 
signal to the flop via a data path comprising a plurality of 
transistors, wherein the data signal has a high state corre 
sponding to a low Voltage that is below threshold Voltages of 
the transistors in the data path. The method further comprises 
latching the data signal at the flop using the clock signal. 
A third aspect relates to a device fortuning a Voltage. The 

device comprises a data path for propagating a data signal, a 
first flop configured to receive the data signal from the data 
path, to receive a clock signal, and to latch the data signal 
using the clock signal, and a second flop configured to receive 
the data signal from the data path, to receive a delayed version 
of the clock signal, and to latch the data signal using the 
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2 
delayed version of the clock signal. The device also com 
prises a circuit configured to detect a mismatch between 
outputs of the first and second flops, and a Voltage adjuster 
configured to adjust the Voltage based on the detected mis 
match. 
A fourth aspect relates to a method for tuning a Voltage. 

The method comprises sending a data signal to first and 
second flops via a data path, latching in the data signal at the 
first flop using a clock signal, and latching the data signal at 
the second flop using a delayed version of the clock signal. 
The method also comprises detecting a mismatch between 
outputs of the first and second flops, and adjusting the Voltage 
based on the detected mismatch. 
To the accomplishment of the foregoing and related ends, 

the one or more embodiments comprise the features herein 
after fully described and particularly pointed out in the 
claims. The following description and the annexed drawings 
set forth in detail certain illustrative aspects of the one or more 
embodiments. These aspects are indicative, however, of but a 
few of the various ways in which the principles of various 
embodiments may be employed and the described embodi 
ments are intended to include all Such aspects and their 
equivalents. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A shows a high-voltage clock signal according to an 
embodiment of the present disclosure. 

FIG. 1B shows a clock tree according to an embodiment of 
the present disclosure. 

FIG. 2A shows a high-voltage clock signal according to 
another embodiment of the present disclosure. 

FIG. 2B shows a clock tree according to another embodi 
ment of the present disclosure. 
FIG.3 shows an example of a CMOS transfer gate. 
FIG. 4 shows an example of a single-NFET transfer gate. 
FIG. 5 shows an example of a flop with a CMOS transfer 

gate. 
FIG. 6 shows an example of a flop with a single-NFET 

transfer gate. 
FIG. 7 shows an example of a clock tree with a voltage 

translator at an end of the clock tree according to an embodi 
ment of the present disclosure. 

FIG. 8A shows an example of a clock signal input to the 
translator according to an embodiment of the present disclo 
SUC. 

FIG. 8B shows an example of a translated clock signal 
output from the translation according to an embodiment of 
the present disclosure. 

FIG.9 shows an exemplary implementation of the transla 
tor according to an embodiment of the present disclosure. 

FIG. 10 shows an example of a low dropout (LDO) regu 
lator. 

FIG. 11 shows a switched-capacitor DC-to-DC converter 
according to an embodiment of the present disclosure. 

FIG. 12 shows a tuning circuit for adjusting a low-power 
Supply Voltage according to an embodiment of the present 
disclosure. 

FIG.13 shows an exemplary implementation of an inverter. 
FIG. 14 shows another exemplary implementation of an 

inverter. 
FIG. 15 is a flowchart illustrating a method 1500 for low 

power operation according to an embodiment of the present 
disclosure. 
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FIG.16 is a flowchart illustrating a method 1600 fortuning 
a Voltage according to an embodiment of the present disclo 
SUC. 

DETAILED DESCRIPTION 

The detailed description set forth below, in connection with 
the appended drawings, is intended as a description of various 
configurations and is not intended to represent the only con 
figurations in which the concepts described herein may be 
practiced. The detailed description includes specific details 
for the purpose of providing a thorough understanding of the 
various concepts. However, it will be apparent to those skilled 
in the art that these concepts may be practiced without these 
specific details. In some instances, well-known structures and 
components are shown in block diagram form in order to 
avoid obscuring Such concepts. 

In a system, a clock signal may be generated at a clock 
source and distributed to different devices (e.g., flops) in the 
system via a clock tree. The clock tree may branch out into a 
plurality of clock paths for distributing the clock signal to the 
different devices. The clock tree may include one or more 
buffers (e.g., inverters) along each clock path. 
A data signal may be launched from a data source in the 

system and propagate down a data path to a device (e.g., flop) 
in the system. The system may include one or more buffers 
(e.g., inverters) and/or other types of logic along the data path. 
For the example of a flop, the flop may receive the data signal 
from the data path and the clock signal from the clock tree. 
The flop may use the clock signal to time latching of the data 
signal at the flop. For example, the flop may latchalogic value 
of the data signal on each rising or falling edge of the clock 
signal. In order for the flop to correctly latch a logic value of 
the data signal, the logic value should be stable (not change) 
for a period of time after a rising or falling edge of the clock 
(referred to as the hold time). Failure to meet this timing 
condition results in a hold violation, which may cause the flop 
to enter a metastable state. In conventional systems, the 
propagation delays in the clock tree and the data path are 
adjusted (e.g., using buffers) to ensure that this timing con 
dition is meet. 

However, controlling the timing of the data and clock 
propagation delays is very difficult for systems in which 
transistors are purposely operated in the Sub-threshold region 
(i.e., systems in which a maximum gate Voltage provided to a 
transistor with the intent of turning the transistor on is less 
than the threshold voltage of the transistor). This is because, 
when a transistor operates in the Sub-threshold region, the 
current of the transistor is exponentially related to gate Volt 
age, making the current of the transistor exponentially sensi 
tive to the threshold voltage (Vt) of the transistor and/or 
Supply Voltage. Thus, even Small variations in the threshold 
Voltages and/or supply Voltages among transistors operating 
in the Sub-threshold region can lead to large variations in their 
currents. This, in turn, leads to large variations in delays 
among buffers and/or other logic implemented with the tran 
sistors, and hence large variations in propagation delays in the 
clock tree and data paths. The large variation in propagation 
delays makes it very difficult to control the timing of the clock 
signal relative to a data signal at a flop to satisfy the hold 
condition. For instance, two paths with the same number of 
buffers can have drastically different delays due to Vt and/or 
Supply Voltage variations. 

Embodiments of the present disclosure address the above 
problem using a high-voltage clock signal, while still using a 
low-voltage data signal to reduce power consumption (e.g., 
data signal having a high State corresponding to a Sub-thresh 
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4 
old Voltage). In this regard, FIG. 1A shows a Voltage-time 
diagram of a high-voltage clock signal 110 according to one 
embodiment. The Voltage of the high-voltage clock signal 
110 may swing between a high Voltage (V) and ground, 
where V may be greater than the threshold Voltages of tran 
sistors in the clock tree. For example, V may be several 
hundred millivolts above the threshold voltages, and may be 
the voltage of a battery used to power a portable device in 
which the high-voltage clock signal 110 is used. 
FIG.1B shows an example of a corresponding clock source 

120 and clock tree 125. The clock source 120 generates the 
high-voltage clock signal 110, which is distributed to devices 
via the clock tree 125. The clock tree 125 may include buffers 
that are powered by V, which may be above the threshold 
voltages of transistors in the buffers. When V is above the 
threshold voltages of the transistors in the clock tree 125, 
these transistors operate in the strong-inversion region, and 
are therefore much faster than transistors operating in the 
Sub-threshold region. As a result, the propagation delay of the 
high-voltage clock signal 110 is much shorter than the propa 
gation delay of a data signal, as discussed further below. 

FIG. 1B also shows an example of a data source 130 and a 
data path 135. The data source 130 launches a data signal. The 
Voltage of the data signal may have a Swing between a low 
Voltage (V) and ground, where V is approximately at or 
below the threshold voltages of transistors in the data path 
135. For example, V, may be approximately 300 mV. FIG. 1A 
shows an example of V, relative to V. The datapath 135 may 
include a plurality of buffers, computational logic and/or 
other types of logic devices that are power by V. This causes 
the transistors in the data path 135 to operate in the sub 
threshold region, and therefore to be much slower than the 
transistors in the clock tree 125, which may operate in the 
strong-inversion region. As a result, the propagation delay of 
the high-voltage clock signal is much shorter than the propa 
gation delay of the data signal. 

Because the transistors in the data path 135 operate in the 
Sub-threshold region, the propagation delay of the data signal 
may vary over a wide range depending on the threshold Volt 
ages of the transistors and/or other factors. However, the 
propagation delay of the high-voltage clock signal is much 
shorter than even the shortest propagation delay within this 
range. Thus, when the high-voltage clock signal and the data 
signal are input to a flop 150 (an example of which is shown 
in FIG. 1B), the high-voltage clock signal is practically guar 
anteed to propagate to the flop 150 ahead of the data signal by 
at least the hold time. Thus, the high-voltage clock signal 
prevents hold violations. 

FIG. 2A shows a Voltage-time diagram of a high-voltage 
clock signal 210 according to another embodiment. The volt 
age of the high-voltage clock signal 210 may Swing between 
V and V. As discussed further below, this allows charge 
from the clock tree to be dumped into a low-power supply 
used to power logic operating in the sub-threshold region. The 
voltage difference V-V, may be at or above the threshold 
voltages of the transistors in the clock tree. FIG. 2A also 
shows an example of a data signal 212 having a Voltage Swing 
between V, and ground, where between V may correspond 
to a logic one and ground may correspond to a logic Zero. It is 
to be appreciated that the relative positions of the data edges 
and clock edges shown in FIG. 2A are exemplary only and 
may vary (e.g., depending on relative propagation delays). 
FIG.2B shows an example of a corresponding clock source 

220 and clock tree 225. The clock source 220 generates the 
high-voltage clock signal 210, which is distributed to devices 
via the clock tree 225. The clock tree 125 may include buffers 
that are powered between V and V, as shown in FIG. 2B. 
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Because the voltage difference V-V, is at or above the 
threshold voltages of the transistors in the clock tree 225, 
these transistors are much faster than transistors operating in 
the sub-threshold region. As a result, the propagation delay of 
the high-voltage clock signal 210 is much shorter than the 
propagation delay of the data signal in the data path 135, 
thereby preventing hold violations. 

The clock frequency of the high-voltage clock signal 110/ 
210 may also be adjusted to prevent setup violations. A setup 
violation may occur when the data signal does not propagate 
to a flop fast enough for the data signal to settle to a stable 
value at the flop before a clock edge at which the flop clocks 
in the data signal. When this occurs, the clock frequency may 
be slowed to provide the data signal more time to settle before 
the clock edge. The clock edge transitions very quickly com 
pared to the data because the clock edge transition slope is 
determine by V, and not V. 

Operating the data and/or logic using V. Substantially 
reduces power consumption compared to V. This Substan 
tially extends the battery life of very low power devices such 
as battery-powered medical devices, tracking devices, and 
“always on devices that can always be on for an extended 
period of time (e.g., years) yet be powered by a battery 
because of the low power consumption of the device. 

The high-voltage clock signal 110/210 may be used to 
reduce the gate count (number of transistors) in a flop by 
replacing at least one CMOS transfer gate in the flop with a 
single NFET. In this regard, FIG. 3 shows an example of a 
CMOS transfer gate 305 that is commonly used in flops to 
transfer a logic value of a data signal within the flop. The 
CMOS transfer gate comprises a PFET 310 and an NFET320 
coupled in parallel. The gates of the PFET 310 and the NFET 
320 are driven by complimentary signals. For example, the 
gate of the NFET 320 may be driven by a clock signal and the 
gate of the PFET 310 may be driven by an inverse of the clock 
signal, or vice versa. The PFET 310 is used to transfer a high 
logic value while the NFET 320 is used to transfera low logic 
value. 

FIG. 4 shows an example of a transfer gate 405 comprising 
a single NFET 420 with no PEFT. The single NFET 420 may 
be not be capable of transferring a high logic value when the 
high state of the clock signal driving the gate of the NFET 420 
corresponds to approximately the same Voltage as the high 
logic value. This is because the Voltage at the gate of the 
NFET 420 is reduced by the gate-to-source voltage of the 
NFET 420 (e.g., approximately Vt when NFET 420 is turned 
on) at the output 440 of the transfer gate 420. If the high logic 
value corresponds to a Voltage below Vt, then the Voltage at 
the output 440 may be reduced to Zero. 

The high-voltage clock signal 110/210 according to 
embodiments of the present disclosure allows the single 
NFET 420 to transfer a high logic value. This is because the 
high state of the high-voltage clock signal 110/210 corre 
sponds to a larger Voltage (V) than the high logic value of the 
data signal (V). As a result, even when the Voltage (V) at the 
gate of the NFET 420 is reduced by the gate-to-source voltage 
of the NFET 420 at the output 440, the voltage at the output 
440 may still be approximately V. This assumes that the 
Voltage difference V-V, is Sufficiently large (e.g., at least as 
large as the threshold voltage Vt of NFET 420) to absorb the 
gate-to-source voltage of the NFET 420 when the NFET 420 
is turned on. 

In this regard, FIGS. 5 and 6 illustrate an example of gate 
count reduction using the high-voltage clock signal 110/210 
according to embodiments of the present disclosure. FIG. 5 
shows an example of a flip-flop 505 comprising a CMOS 
transfer gate 510, a tri-state inverter 520, and an inverter 530. 
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6 
The tri-State inverter 520 and the inverter 530 form a Switch 
able latch, and the CMOS transfer gate 510 is used to transfer 
logic data values to the latch. 

FIG. 6 shows an example of a flop-flip 605, in which the 
CMOS transfer gate 510 is replaced by a first single-NFET 
transfer gate 610, and the tri-state inverter 520 is replaced by 
a second single-NFET transfer gate 620 and an inverter 630. 
This reduces the gate count of the flip-flop 605 by at least two 
compared to the flip-flop 505 in FIG. 5. The back-to-back 
inverters 630 and 640 form a latch that is switched by the 
second single-NFET transfer gate 620. In this example, the 
data signal may have a Voltage Swing between V, and ground 
to reduce power consumption, as discussed above. One or 
more of the inverters in the flip-flop 605 may be powered by 
V, to operate the corresponding transistors in the Sub-thresh 
old region to conserve power. The single-NFET transfergates 
610 and 620 are clocked by the high-voltage clock signal or its 
inverse. As discussed above, the high-voltage clock signal 
enables the use of single-NFET transfer gates to reduce gate 
COunt. 

The gate count in a scan multiplexercan also be reduced. A 
conventional scan multiplexer includes PFETs and NFETs 
for Switching the multiplexer between a scan path for testing 
the functionality of one or more flops and a data path for 
normal operation. Since the data operates at V, the gate count 
of the multiplexer can be reduced by replacing a PFET and 
NFET pair in the multiplexer with a single NFET and cou 
pling the gate of the single NFET to either V, or ground, 
depending on whether the single NFET is switched on or off. 
In normal operation, the single NFET is either always 
switched on or off since the multiplexer is always switched to 
the data pathin normal operation. Thus, the single NFET does 
not consume dynamic power associated with toggling the 
NFET, and the gate of the NFET may be hardwired to either 
V or ground. 
As discussed above (e.g., in relation to FIGS. 2A and 2B), 

the Voltage of the high-voltage clock signal 210 may Swing 
between V and V. Thus, the high-voltage clock signal 210 
has a low state corresponding to a Voltage of V. In some 
applications, V, may not below enough to completely turn off 
a transfer gate, resulting in leakage current that may be too 
high. Accordingly, in one embodiment, a Voltage translator 
may be placed at an end of the clock tree before the high 
Voltage clock signal 210 is input to the corresponding device 
(e.g., flop). FIG. 7 shows an example of a Voltage translator 
710 at the end of the clock tree 225 corresponding to flop 150. 
The translator 710 translates the high-voltage clock signal 
210 to a translated high-voltage clock signal having a lower 
low-state voltage. FIG. 8A shows an example of the high 
Voltage clock signal 210, which has a Voltage Swing between 
V and V. FIG. 8B shows the translated high-voltage clock 
signal 810 output from the voltage translator 810. The trans 
lated high-voltage clock signal 810 may be slightly delayed 
compared with the high-voltage clock signal 210 due to inter 
nal delays in the translator 710. In this example, the translated 
high-voltage clock signal 810 has a Voltage Swing between 
V and ground (full Voltage-Swing). The translated high 
voltage clock signal 810 is input to the flop 150 so that the 
logic in the flop is clocked using the translated clock signal. 
For example, the translated clock signal 810 may be used to 
clock the transfer gates, in which the lower low-state Voltage 
of the translated clock signal 810 reduces leakage current of 
transfer gates in the off state. 

FIG. 9 shows an exemplary implementation of a voltage 
translator 910 according to an embodiment of the present 
disclosure. The voltage translator 910 may be used to imple 
ment the translator 710 shown in FIG. 7 to provide a trans 
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lated clock signal with a full-voltage Swing. The translator 
910 comprises a first inverter 915, a second inverter 920, a 
first PFET925, a second PFET930, and a first NFET 935, and 
a second NFET 940. The first and Second inverters 915 and 
920 are coupled in series and are powered between VandV. 
The Sources of the first PFET 925 and second PFET 930 are 
coupled to V, the drain of the first NFET 935 is coupled to 
the drain of the first PFET 925, the drain of the second NFET 
940 is coupled to the drain of the second PFET 930, and the 
Sources of the first NFET 935 and the second NFET 940 are 
coupled to ground. The gate of the first PFET925 is driven by 
the output of the second inverter 920 and the gate of the 
second PFET 930 is driven by the output of the first inverter 
915. The gate of the first NFET 935 is cross coupled to the 
drains of the second PFET 930 and the Second NFET940. The 
gate of the second NFET940 is cross coupled to the drains of 
the first PFET 925 and the first NFET 935. The output of the 
translator 950 is taken from node 945. 

The high-voltage clock signal 210 may be input to the first 
inverter 915. When the input clock signal is in a high state, the 
gate of the first PFET925 is driven high with a voltage of V. 
and the gate of the second PFET 930 is driven low with a 
voltage of V,. This causes the first PFET 925 to turn off and 
the second PFET 930 to turn on (assuming V-V, is suffi 
cient to turn on the second PFET930). This causes the second 
PFET 930 to pull up the voltage at node 945 to approximately 
V. 
When the input clock signal is in a low state, the gate of the 

first PFET925 is driven low with a voltage of V, and the gate 
of the second PFET 930 is driven high with a voltage of V. 
This causes the first PFET925 to turn on and the second PFET 
930 to turn off. As a result, the first PFET 925 pulls up the 
voltage at the drain of the first PFET 925 to approximately 
V. This voltage is coupled to the gate of the second NFET 
940, which turns on the second NFET 940. This causes the 
second NFET 940 to pull down the voltage at node 945 to 
approximately ground. 

Thus, the translated clock signal at the output of the trans 
lator 910 has approximately a full-voltage swing (between 
V, and ground). An additional inverter may be added to the 
output of the translator 910 to invert the translated clock 
signal. The additional inverter may be powered between V. 
and ground. It is to be appreciated that the circuit shown in 
FIG. 9 is exemplary only, and that the translator may be 
implemented using other circuit designs. 
The low voltage V, may be provided by a low-dropout 

(LDO) regulator. FIG. 10 shows an example of an LDO 
comprising an amplifier 1010 and a FET 1020 (e.g., PFET). A 
reference voltage Vref and the voltage at node 1025 are input 
to the amplifier 1010. Using negative feedback, the amplifier 
1010 drives the gate of the FET 1020 in a direction that 
minimizes the difference between Vref and the voltage at 
node 1025, and thus regulates the voltage at node 1025 to be 
approximately Vref. Vref may be set to provide a desired low 
Voltage V (e.g., using a bandgap reference) for operating 
logic in the sub-threshold region. While the LDO may be 
suitable for providing a stableV, the LDO may be inefficient. 
This is because current to the load 1030 of the logic has to pass 
though the FET 1020. This creates an IR drop across the FET 
1020 that dissipates power, and therefore wastes energy. 

Accordingly, in some embodiments, the low voltage V, is 
provided by switched-capacitor DC-to-DC converter. FIG. 11 
shows a DC-to-DC converter 1105 according to an embodi 
ment of the present disclosure. The converter 1105 comprises 
a first Switch 1110, a second switch 1120, a third switch 1125, 
a fourth switch 1130, and a capacitor C. The capacitor C may 
include capacitance from the clock tree. For example, the 
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8 
capacitor C may include one or more capacitors in the clock 
tree. This allows charge used for propagating the clock signal 
in the clock tree to be dumped to the low-power supply for 
operating logic at V, thereby providing improved power 
efficient. 

In FIG. 11, phase d1 may correspond to the high state of 
the clock signal and phased 2 may correspond to the low state 
of the clock signal. In phase d1, the first and fourth switches 
1110 and 1130 are closed and the second and third switches 
1120 and 1125 are open. As a result, the capacitor C is 
coupled to V, and the top terminal of the capacitor C is 
charged to V. The Voltage across the capacitor C is charged 
to approximately V-V. 

In phase d2, the first and fourth switches 1110 and 1130 
are opened and the second and third switches 1120 and 1125 
are closed. As a result, the capacitor C is coupled between the 
low-power Supply and ground. Assuming that V-V, V, 
this causes charge from the capacitor C to be dumped into a 
storage capacitor Cs of the low-power Supply. The charge 
provides energy for the load 1140 of logic operating at V. 
The load 1140 may include the load of logic (e.g., buffers) in 
a data path and/or the load of logic (e.g., inverters) in a flop 
that are operated at V. 

Thus, the voltage at the top terminal of the capacitor C in 
the DC-to-DC converter 1105 switches between approxi 
mately V, and V. This allows the capacitor C to include 
capacitors from the clock tree since the capacitors in the clock 
tree also switch between V, and V, to propagate the high 
Voltage clock signal 210. Thus, charge used to propagate the 
clock in the clock tree can be reused to power the low-voltage 
Supply. The capacitors in the clock tree may include the 
capacitance of the output node of each inverter of the clock 
tree, where each inverter is used as a buffer. Each inverter may 
charge and discharge the respective output node between V. 
and V, to propagate the clock signal. When the output node is 
discharged to V, the charge can be dumped to the low-power 
Supply. 

In some embodiments, the capacitance from the clock tree 
may effectively be in parallel with capacitor C. For true sig 
nals of the clock, PFET drivers in the clock tree may act like 
switch 1110 on phase d1, and on phase d2, NFET drivers in 
the clock tree may act like switch 1120. For false signals of 
the clock, the switches may effectively act on the opposite 
phases. The capacitance of the clock tree may share the same 
top connection as capacitor C, but the bottom plate of the 
clock tree capacitance may be distributed between V., ground 
and other signals. 

In the above example, each inverter in the clock tree may be 
implemented using a PFET and an NFET (an example of 
which is shown in FIG. 13), in which each inverter turns on 
the respective PFET to charge the respective clock tree 
capacitance and turns on the respective NFET to discharge 
the respective clock tree capacitance. Some or all of the PFET 
drivers discussed in the above example may correspond to 
PFETs of the inverters, and some or all of the NFET drivers 
discussed in the above example may correspond to NFETs of 
the inverters. Thus, the PFET of an inverter may act as a 
Switch that charges the respective capacitance (e.g., to V) 
and the NEFT of an inverter may act as switch that discharges 
the respective capacitance (e.g., to V). 
The capacitance of the capacitor C may be adjusted so that 

the amount of charge discharged to the storage capacitor Cs of 
the low-power Supply per clock cycle approximately replen 
ishes the amount of charge consumed by the load 1140 per 
clock cycle. To do this, the capacitor C may include a variable 
capacitor (not shown) coupled in parallel with the capacitors 
from the clock tree. The capacitance of the variable capacitor 
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may be adjusted so that the amount of charge discharged to 
the storage capacitor Cs of the low-power supply per clock 
cycle approximately replenishes the amount of charge con 
sumed by the load 1140 per clock cycle to maintain a desired 
low Voltage. If the capacitance of the clock tree is not capable 
of providing enough charge for the low-power Supply, then 
one or more additional capacitors may be added to capacitor 
C. It is to be appreciated that the DC-to-DC converter shown 
in FIG. 11 is exemplary only, and the DC-to-DC converter 
may be implemented using other configurations. 

Operating the data path/logic at the Sub-threshold Voltage 
saves a large amount of power as compared with operating 
above the threshold voltage. However, clocking is unreliable 
as discussed above. Embodiments of the present disclosure 
use a high-voltage clock along with Sub-threshold data path/ 
logic which solves the timing issues discussed above. How 
ever, running the clock at the high Voltage consumes more 
power. Some of the additional power consumed by the high 
voltage clock is recovered as illustrated in FIG. 11 and dis 
cussed above and used to provide the sub-threshold voltage to 
the data path/logic. The result is a very power efficient solu 
tion without the timing issues discussed above. 

Power consumption can be reduced by reducing the low 
power Supply Voltage V. However, if V is reduced too much, 
then the system stops functioning properly. For example, in 
order for a flop to properly latch a logic value of a data signal, 
the data signal needs to be stable for a period of time before a 
clock edge used by the flop to clock in the data signal (referred 
to as setup time). However, as V, is reduced, the propagation 
delay in the corresponding data path increases. This is 
because the speed of the logic (e.g., buffers) in the data path 
slows down when V, is reduced. Eventually, the propagation 
delay increases to a point where the data signal does not settle 
to a stable value at the flop in time to meet the setup-time 
condition. As a result, a setup violation occurs, and the flop 
may enter a metastable state. Thus, power consumption can 
be minimized by reducing the low-power Supply Voltage V, 
to the minimum Voltage needed by the system to function 
properly (lowest working Voltage). 

FIG. 12 shows a tuning circuit 1205, according to one 
embodiment, fortuning the low-power supply Voltage V, to a 
Voltage close to or at the minimum Voltage needed by a 
system to prevent setup violations at a given clock frequency. 
The tuning circuit 1205 comprises a first test unit 1208-1. The 
test unit 1208-1 comprises a normal flop 1210, a test flop 
1220, and an XOR gate 1250. The normal flop 1210 is a flop 
that is used to latch a data signal in the system and output the 
latched data to computational logic in the system. The test 
flop 1220 (shadow flop) may be used to approximate the 
minimum V, needed by the normal flop 1210 to avoid setup 
violations, as discussed further below. The test flop 1220 and 
the normal flop 1210 may be implemented using the same 
circuit so that the test flop 1220 mimics the normal flop 1210. 
The test flop 1220 and the normal flop 1210 are coupled to 

the end of the same data path 1235. As a result, the timing of 
the data signal at the test flop 1220 and the normal flop 1210 
are approximately the same. The clock inputs of the test flop 
1220 and the normal flop 1210 are coupled to different points 
alonga clock path1225, in which the clock signal on the clock 
path 1225 has to propagate through a delay element 1227 
before reaching the normal flop 1210 compared with the test 
flop 1220. As a result, the test flop 1220 receives an earlier 
version of the clock signal received by the normal flop 1210. 
The earlier version of the clock signal is ahead by an amount 
approximately equal to the time delay of the delay element 
1227. 
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The output of the normal flop 1210 is coupled to a first 

input of the XOR gate 1250 and the output of the test flop 
1220 is coupled to a second input to the XOR gate 1250. The 
output of the normal flop 1210 is also coupled to computa 
tional logic. The XOR gate 1250 outputs a logic Zero when the 
outputs of the normal flop 1210 and test flop 1220 match. This 
may indicate that both flops 1210 and 1220 are working 
properly. The XOR gate 1250 outputs a logic Zero when the 
outputs of the normal flop 1210 and test flop 1220 do not 
match. This may indicate that a setup violation has occurred 
at the test flop 1220, as discussed further below. 
To determine the minimum V, at which the normal flop 

1210 works properly, the output of the XOR gate 1250 may be 
monitored as V, is reduced. Initially, the output of the XOR 
gate 1250 may be logic Zero, indicating that both flops 1210 
and 1220 are working properly. As V, is reduced, the propa 
gation delay of the data path 1235 increases. At a certain 
point, setup violations will start occurring at the test flop 
1220, but not at the normal flop 1210. This is because the test 
flop 1220 clocks the data signal using an earlier version of the 
clock signal used by the normal flop 1210. Thus, while the test 
flop 1220 may start experiencing setup violations, the normal 
flop 1210 may still be working properly. However, this may 
indicate that the normal flop 1210 will also start experiencing 
setup violations if V, is reduced any further. Thus, the voltage 
at which the test flop 1220 starts experiencing setup violations 
may be used as an approximation of the minimum low-power 
supply voltage V, needed by the normal flop 1210 to prevent 
setup violations. 
When the test flop 1220 starts experiencing setup viola 

tions, the output of the test flop 1220 and the normal flop 1210 
cease to match, and the XOR gate 1250 outputs a logic one. 
Thus, the voltage at which the XOR gate 1250 outputs a logic 
one may be used as an approximation of the minimum low 
power supply voltage V, needed by the normal flop 1210 to 
prevent setup violations. 
As shown in FIG. 12, the tuning circuit 1205 may include 

a plurality of test units 1208-1 to 1208-N, in which each test 
unit comprises a test flop paired with a normal flop in the 
system and an XOR gate coupled to the outputs of the respec 
tive test flop and normal flop. Each of the test units 1208-1 to 
1208-N may be implemented using the circuit shown in FIG. 
12 for test unit 1208-1. For ease of illustration, only the XOR 
gates of test units 1208-2 and 1208-N are shown in FIG. 12. In 
operation, each test unit 1208-1 to 1208-N may output a zero 
when the outputs of the respective test flop and normal flop 
match, and output a one when the outputs of the respective 
test flop and normal flop do not match. 
The test units 1208-1 and 1208-N may be spread out on a 

chip to test different areas of the chip, which may experience 
different propagation delays due to process-voltage-tempera 
ture (PVT) variations on the chip. The test units 1208-1 and 
1208-N may have different data paths and/or different num 
bers of clock buffers. 
The tuning circuit 1205 may further comprise an encoder 

1260 and a voltage adjuster 1270. The outputs of the test units 
1208-1 to 1208-N are coupled to the encoder 1260. The 
encoder 1260 may be configured to count the number of test 
units 1208-1 to 1208-N outputting a logic one, and output the 
count value to the voltage adjuster 1270. The voltage adjuster 
1270 may use the count value to determine a minimum low 
power Supply Voltage V. For example, the Voltage adjustor 
1270 may gradually reduce V, while monitoring the count 
value. The voltage adjuster 1270 may stop reducing V, when 
the count value reaches a threshold. The voltage adjuster 1270 
may then continue to monitor the count value. If the count 
value rises above the threshold (e.g., for a certain time 
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period), then the voltage adjuster 1270 may increase V, until 
the count value falls back to the threshold. In this context, the 
threshold corresponds to a certain error rate (e.g., due to setup 
violations), and should not be confused with the threshold 
Voltage of a transistor. 
The voltage adjuster 1270 may adjust the low-power Sup 

ply Voltage V, using various techniques. For example, when 
V, is provided by a LDO regulator, the voltage adjuster 1270 
may adjust V, by adjusting the reference Voltage Vrefinput to 
the LDO. When V, is provided by a DC-to-DC converter 
(e.g., DC-to-DC converter 1105), the voltage adjuster 1270 
may adjust V by adjusting the capacitance of the DC-to-DC 
converter capacitor (e.g., capacitor C). For example, the Volt 
age adjustor 1270 may reduce V, by reducing the capacitance 
and increase V, by increasing the capacitance. In this 
example, the DC-to-DC converter capacitor may include a 
variable capacitor for adjusting the capacitance. The DC-to 
DC converter capacitor may also comprise one or more fixed 
capacitors (e.g., coupled in parallel with the variable capaci 
tor). 

In one embodiment, the variable capacitor may comprise a 
plurality of individual capacitors and a plurality of Switches 
for independently Switching the individual capacitors into 
and out of a capacitor bank that sets the capacitance of the 
variable capacitor. In this embodiment, the Voltage adjustor 
1270 may adjust the capacitance of the variable capacitor by 
Switching one or more of the individual capacitors into the 
capacitor bank using the Switches to achieve the desired 
capacitance. Individual capacitors that are Switched into the 
capacitor bank by the respective switches contribute to the 
capacitance of the variable capacitor, while individual capaci 
tors that are switched out of the capacitor bank by the respec 
tive switches do not. 
A method fortuning the low-power Supply Voltage V, will 

now be described according to an embodiment of the present 
disclosure. First, the clock frequency may be set to meet a 
desired workload. The workload may depend on the particu 
lar application of the corresponding system. For example, for 
a system in a medical device, the workload may depend on the 
frequency at which the medical device (e.g., pacemaker) 
monitors a patient’s heart rate. For a system configured to 
awaken a computing device when a user input is detected on 
a user interface (e.g., a keypad or a touch screen), the work 
load may depend on the frequency at which the system checks 
the user interface for a user input. 

After the clock frequency is set, the low-power Supply 
Voltage V, may be adjusted to the lowest working Voltage for 
that clock frequency. This may be done, for example, using 
the tuning circuit 1205. In this example, the voltage adjuster 
1270 may gradually reduce the low-power supply voltage V, 
while monitoring the count value from the encoder 1260, and 
stop reducing the low-power Supply Voltage V, when the 
count value reaches a threshold. 

In one embodiment, a memory (e.g., SRAM and/or 
DRAM) may be powered between the voltage differential 
(between V and V.) of the high-voltage clock signal 210. 
The voltage differential may be above the threshold voltages 
of the transistors in the memory, enabling the memory to 
operate at higher speeds. In this embodiment, one or more of 
the NFETs in the memory may be back-biased to reduce 
leakage current. For example, an NFET may be back-biased 
by tying the body of the NFET to ground. This creates a 
source-to-body bias of V, which reduces the leakage current 
of the NFET. 

Although the low voltage V, is described as being below 
the threshold Voltage in the examples discussed above, it is to 
be appreciated that the low Voltage V may also be approxi 
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12 
mately at the threshold Voltage, in which case transistors 
operate near the sub-threshold region. This may still provide 
power savings, although not as much as can be achieved by 
operating the transistors in the Sub-threshold region. As used 
herein, the threshold voltage of a transistor may refer to the 
gate Voltage at which the transistorenters the strong-inversion 
region. 

FIG. 13 shows an exemplary complimentary-pair inverter 
1300 that can be used as a buffer in the clock path and/or data 
path. The complimentary-pair inverter 1300 comprises a 
PFET 1310 and an NFET 1320. The Source of the PFET 1310 
is coupled to a power Supply (e.g., V or V), the source of the 
NFET 1320 is coupled to ground or V, the drains of the PFET 
and NFET 1310 and 1320 are coupled to the output of the 
inverter 1300, and the gates of the PFET and NFET 1310 and 
1320 are coupled to the input of the inverter 1300. 
When the inverter 1300 is used for a clock tree inverter, the 

source of the PFET 1310 may be coupled to V and the source 
of the NFET 1320 may be coupled to the low-power supply. 
When the inverter 1300 is driven high, the PFET 1310 turns 
on and charges the respective capacitance to Vand, when the 
inverter is driven low, the NFET 1320 turns on and discharges 
the respective capacitance to the low-power Supply, thereby 
dumping charge to the low-power Supply. In this example, the 
PFET 1310 may act as switch 1110 and the NFET 1320 may 
act as switch 1120. 

FIG. 14 shows another exemplary inverter 1400 that can be 
used as a buffer. The inverter 1400 is similar to the compli 
mentary-pair inverter 1300 in FIG. 13, and further includes a 
common-gate PFET 1410 coupled between the drain of the 
PFET 1310 and the output of the inverter, and a common-gate 
NFET 1420 coupled between the output of the inverter and 
the drain of the NFET 1320. The gate of the common-gate 
PFET 1410 is biased by DC voltage V and the gate of the 
common-gate NFET 1420 is biased by DC voltage V. 

FIG. 15 is a flowchart illustrating a method 1500 for low 
power operation according to an embodiment of the present 
disclosure. 
At step 1510, a clock signal is sent to a flop via a clock path 

comprising a plurality of transistors, wherein the clock signal 
has a high state corresponding to a high Voltage that is above 
threshold voltages of the transistors in the clock path. For 
example, the clock signal (e.g., clock signal 110/210) may be 
generated by a clock source (e.g., clock source 120/220). The 
clock path (e.g., clock path 125/225) may include buffers 
(e.g., inverters) comprising transistors (e.g., transistors 1310 
and 1320), in which the high state of the clock signal corre 
sponds to a high Voltage (e.g., V) that is above threshold 
Voltages of the transistors in the clock path. 
At step 1520, a data signal is sent to the flop via a data path 

comprising a plurality of transistors, wherein the data signal 
has a high state corresponding to a low Voltage that is below 
threshold voltages of the transistors in the data path. For 
example, the data signal (e.g., data signal 212) may be gen 
erated by a data source (e.g., data source 130). The data path 
(e.g., data path 135) may include buffers (e.g., inverters) 
comprising transistors (e.g., transistors 1310 and 1320), in 
which the high State of the data signal corresponds to a low 
Voltage (e.g., V) that is below threshold Voltages of the 
transistors in the data path. This allows the transistors in the 
data path to operate in the Sub-threshold region to reduce 
power consumption. It is to be appreciated that the plurality of 
transistors in step 1520 is not necessarily all of the transistors 
in the data path. 
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At step 1530, the data signal is latched at the flop using the 
clock signal. For example, the flop (e.g., flop 150) may latch 
data values from the data signal on rising and/or falling edges 
of the clock signal. 

FIG.16 is a flowchart illustrating a method 1600 fortuning 
a Voltage according to an embodiment of the present disclo 
SUC. 

At step 1610, a data signal to sent to first and second flops 
via a data path. For example, the data signal (e.g., data signal 
212) may be sent via a data path (e.g., data path 1235) com 
prising buffers (e.g., inverters) powered by the Voltage that is 
being tuned. 

At step 1620, the data signal is latched at the first flop using 
a clock signal. At step 1630, the data signal is latched at the 
second flop using a delayed version of the clock signal. For 
example, the clock signal at the second flop (e.g., flop 1210) 
may be delayed with respect to the clock signal at the first flop 
(e.g., flop 1220) by a delay element (e.g., delay element 
1227). Equivalently, the clock signal at the first flop (e.g., 
1220) may be said to be an early version of the clock signal at 
the second flop (e.g., 1210). 

At step 1640, a mismatch between outputs of the first and 
second flops is detected. For example, a mismatch between 
the outputs of the first and second flops (e.g., flops 1210 and 
1220) may be detected by coupling the outputs of the first and 
second flops to an XOR gate (e.g., XOR gate 1250). The XOR 
gate outputs a logic Zero when the outputs match and a logic 
one when the outputs do not match. Thus, in this example, a 
mismatch is detected when a logic one is output from the 
XOR gate. 
At step 1650 the voltage is adjusted based on the detected 

mismatch. In one embodiment, a chip may comprise a plu 
rality of flop pairs including the first and second flops, in 
which steps 1610-1640 may be performed at each of the flop 
pairs. In this embodiment, a number of detected mismatches 
among the flop pairs may be counted to produce a count value, 
and the Voltage may be adjusted based on the count value. For 
example, the Voltage may be reduced if the count value is 
below a threshold. 

The previous description of the disclosure is provided to 
enable any person skilled in the art to make or use the disclo 
sure. Various modifications to the disclosure will be readily 
apparent to those skilled in the art, and the generic principles 
defined herein may be applied to other variations without 
departing from the spirit or scope of the disclosure. Thus, the 
disclosure is not intended to be limited to the examples 
described herein but is to be accorded the widest scope con 
sistent with the principles and novel features disclosed herein. 
What is claimed is: 
1. A low-power device, comprising: 
a clock path for propagating a clock signal, wherein the 

clock path includes a plurality of transistors; 
a clock source configured to generate the clock signal, the 

clock signal having a high state corresponding to a high 
voltage that is above threshold voltages of the transistors 
in the clock path; 

a data path for propagating a data signal, wherein the data 
path includes a plurality of transistors; 

a data source configured to generate the data signal, the 
data signal having a high state corresponding to a low 
voltage that is below threshold voltages of the transistors 
in the data path; and 

a flop configured to receive the clock signal from the clock 
path, to receive the data signal from the data path, and to 
latch the data signal using the clock signal; 

wherein the clock signal has a Voltage Swing between the 
high Voltage and the low Voltage. 
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2. The low-power device of claim 1, further comprising a 

translator coupled between the clock path and the flop, and 
configured to translate the Voltage Swing of the clock signal 
from the clock path to produce a translated clock signal, 
wherein the flop latches the data signal using the translated 
clock signal. 

3. The low-power device of claim 2, wherein the translator 
is configured to increase the Voltage Swing of the clock signal. 

4. The low-power device of claim 1, wherein the flop 
comprises a plurality of transistors that are powered by the 
low Voltage. 

5. The low-power device of claim 1, further comprising a 
switched-capacitor DC-to-DC converter for converting the 
high Voltage to the low Voltage at a low-power Supply, 
wherein the low-power Supply is used to power the transistors 
in the data path. 

6. The low-power device of claim 5, wherein the switched 
capacitor DC-to-DC converter comprises: 

a capacitor, and 
a plurality of Switches configured to alternatively charge 

the capacitor and discharge the capacitor to the low 
power Supply. 

7. The low-power device of claim 6, wherein the capacitor 
includes capacitance from the clock path. 

8. The low-power device of claim 6, wherein the plurality 
of switches are configured to charge the capacitor by coupling 
a terminal of the capacitor to a high-power Supply having a 
Voltage approximately at the high Voltage. 

9. The low-power device of claim 8, wherein the plurality 
of Switches are configured to discharge the capacitor by cou 
pling the terminal of the capacitor to the low-power supply. 

10. The low-power device of claim 1, wherein the clock 
path comprises a plurality of buffers, each of the buffers being 
powered between the high Voltage and the low voltage. 

11. A method for low power operation, comprising: 
sending a clock signal to a flop via a clock path comprising 

a plurality of transistors, wherein the clock signal has a 
high State corresponding to a high Voltage that is above 
threshold voltages of the transistors in the clock path; 

sending a data signal to the flop via a data path comprising 
a plurality of transistors, wherein the data signal has a 
high state corresponding to a low Voltage that is below 
threshold Voltages of the transistors in the data path; and 

latching the data signal at the flop using the clock signal; 
wherein the clock signal has a Voltage Swing between the 

high Voltage and the low Voltage. 
12. The method of claim 11, further comprising translating 

the Voltage Swing on the clock signal to produce a translated 
clock signal, wherein the data signal is latched at the flop 
using the translated clock signal. 

13. The method of claim 12, wherein translating the volt 
age Swing of the clock signal comprising increasing the Volt 
age Swing of the clock signal. 

14. The method of claim 11, further comprising powering 
a plurality of transistors in the flop with the low voltage. 

15. The method of claim 11, further comprising: 
converting the high Voltage to the low Voltage at a low 

power Supply; and 
powering the plurality of transistors in the data path using 

the low-power Supply. 
16. The method of claim 15, wherein converting the high 

Voltage to the low Voltage comprises alternately charging a 
capacitor and discharging the capacitor to the low-power 
Supply. 

17. The method of claim 16, wherein the capacitor includes 
capacitance from the clock path. 
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18. The method of claim 16, wherein charging the capaci 
tor comprises coupling a terminal of the capacitor to a high 
power Supply having a Voltage approximately at the high 
Voltage. 

19. The method of claim 18, wherein discharging the 
capacitor comprises coupling the terminal of the capacitor to 
the low-power Supply. 

20. A low-power device, comprising: 
a clock path for propagating a clock signal, wherein the 

clock path includes a plurality of transistors; 
a clock source configured to generate the clock signal, the 

clock signal having a high state corresponding to a high 
voltage that is above threshold voltages of the transistors 
in the clock path; 

a data path for propagating a data signal, wherein the data 
path includes a plurality of transistors; 
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a data source configured to generate the data signal, the 

data signal having a high state corresponding to a low 
voltage that is below threshold voltages of the transistors 
in the data path; and 

a flop configured to receive the clock signal from the clock 
path, to receive the data signal from the data path, and to 
latch the data signal using the clock signal, wherein the 
flop comprises: 
a first inverter having an input configured to receive the 

data signal, and an output; 
a second inverter having an input coupled to the output 

of the first inverter, and an output; and 
a transfer gate coupled between the output of the second 

inverter and the input of the first inverter; 
wherein the transfer gate is clocked by the clock signal 

or an inverse of the clock signal, and each of the first 
and second inverters is powered by the low Voltage. 
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